In this research, results of an experimental investigation on separation of oil from a real oily wastewater using an ultrafiltration (UF) polymeric membrane are presented. In order to enhance the performance of UF in API separator effluent treatment and to get more permeation flux (PF), effects of operating factors on the yield of PF were studied. Five factors at four levels were investigated: trans-membrane pressure (TMP), temperature (T), cross flow velocity (CFV), pH and salt concentration (SC). Taguchi method (L 16 orthogonal array (OA)) was used. Analysis of variance (ANOVA) was applied to calculate sum of square, variance, error variance and contribution percentage of each factor on response. The optimal levels thus determined for the four influential factors were: TMP, 3 bar; T, 401C; CFV, 1.0 m/s; SC, 25 g/L and pH, 8. The results showed that CFV and SC are the most and the least effective factors on PF, respectively. Increasing CFV, TMP, T and pH caused the better performance of UF membrane process due to enhancement of driving force and fouling residence. Also, effects of oil concentration (OC) in the wastewater on PF and total organic carbon (TOC) rejection were investigated. Finally, the highest TOC rejection was found to be 85%.
INTRODUCTION
Discharge of oily wastewater to the environment increases every year due to industrial development. Oils that are found in contaminated wastewaters can be heavy hydrocarbons (tars, crude oils, grease and diesel oil), and light hydrocarbons (kerosene, jet fuel and gasoline). Major industrial sources of oily wastewater include oil refineries, petrochemical complexes, metal manufacturing and machining factories and food producers. The new regulations require treated oily wastewater to have less than 15 ppm oil content before discharging to the environment (Ghidossi et al. 2009 ). Some countries apply even more strict regulations: Canadian and European regulations have limited oil content of discharge waters to 5 ppm since 01/01/2005 (Ghidossi et al. 2009 ).
Conventional methods of oily wastewater treatment include chemical treatment, gravity separation, coagulation, flocculation, skimming, emulsion breaking, and disinfection usually with chlorine, etc (Yang et al. 2002) . All these conventional methods based on physical and chemical principles indeed cannot give an absolute guarantee in terms of the separation efficiency and the effluent quality. Cheryan & Rajagopalan (1998) showed that the conventional treatment methods are not efficient to solve this problem. On the other hand, these treatment methods are expensive and ineffective (Yang et al. 2002; Ghidossi et al. 2009 ).
Membrane processes have been found to be effective methods for treatment of oily wastewaters. Several researchers have reported on the effectiveness of membrane processes in treating oily wastewaters. Microfiltration (MF), UF-reverse osmosis (RO) and optimised processes have been studied. Using ceramic and polymeric membranes, Mueller et al. (1997) worked with oily water synthetic solutions containing various concentrations (250-1,000 ppm) of heavy crude oil droplets of 1-10 mm diameters. Both ceramic and polymeric membranes produced high quality permeates (o6 ppm). Lee et al. (2002) investigated MF for separation of oil in water emulsions, using three types of MF membranes. Ebrahimi et al. (2010) reported 95% oil reduction after UF of a metal industry emulsion. Karakulski et al. (1995) and Norouzbahari et al. (2009) proposed to treat oily wastewaters by a combination of UF and RO processes. Tubular UF systems using cellulosic and noncellulosic membranes (Karakulski et al. 1995) were tested with a typical oily wastewater collected from a simulated emulsion.
Experiments were conducted using Taguchi experimental design. Taguchi approach developed rules to carry out the experiments, which further simplify and standardise the experiment design. In Taguchi method, the results of experiments are analysed to achieve the following objectives: (i) to find the best or the optimal condition for the product or the process, (ii) to identify the contribution of individual factors and (iii) to estimate the response under the optimal conditions. A commonly applied statistical treatment, analysis of variance (ANOVA), was also used to analyse the results of experiments and to determine how much variation each factor contributes. By studying the main effects of each factor, the general trends of the influencing factors can be characterised.
In this study, the influences of some operating conditions such as CFV, T, TMP, pH, SC and OC on treatment of the oily wastewater by UF membrane were investigated. A feasibility study of using UF process for such API (American Petroleum Institute) separator unit effluent produced from refinery processes was performed. Experiments using Taguchi method allow several effects of factors to be simultaneously determined effectively and efficiently. By applying this technique one can significantly reduce the time required for experimental investigation. Thus, by using Taguchi method, the optimum level for each factor was determined. After the optimum conditions were chosen and predicted, the confirmation experiments should be performed with the prediction. A commonly applied statistical method, ANOVA, was also used to analyse the results of the experiments.
EXPERIMENTAL PROCEDURE
Experiments were carried out using a flat sheet polyacrylonitrile (PAN, MWCO 20 kDa, type PAN-350, normalised water flux 1,000 Lmh/bar, nominal marker rejection 82%) membrane from Sepro membrane (USA). A cross flow membrane module made from Teflon was used in the experiments. Effective area of the membrane in the module was 64 cm 2 . The details of the experimental set-up have been described elsewhere . The membrane PF was measured by collecting the permeate in an Erlenmeyer flask and using a digital balance. During the experiments, controllable factors (TMP, T, CFV and pH, SC and OC) were precisely supervised. Industrial oily wastewater disposal of API separator unit of Tehran refinery wastewater treatment unit was employed as feed. Analysis of the feed taken from the industrial oily wastewater of the API separator unit is presented in Table 1 .
Taguchi method is based on several steps, including planning of the experimental matrix, executing the experiments and evaluating the results. The first step in planning of the experimental matrix in Taguchi method is to determine the number of factors that need to be evaluated. In this work, five factors were chosen based on the literature (Wang et al. 2000; Madaeni & Yeganeh 2001; Chakrabarty et al. 2008; Norouzbahari et al. 2009; .
The levels for each control factor must be chosen at this point. The number of levels for each control factor defines the experimental region. A brief overview of the process followed by Taguchi approach to factor design is provided in Figure 1 . The matrix experiment is designed by selecting an appropriate OA for the control factors. OA for a particular project depends on the number of factors and their levels. Based on the previous steps, an appropriate OA (L 16 ) was selected and the experiments were performed. This (16 runs with two replications for each experiment) is the least number of experiments that can be performed to evaluate the effects of different factors. The factors and their levels are presented in Table 2 . The proposed experimental plan for the L 16 array can be seen in Table 2 . In this table, the columns are orthogonal and for any pair of columns all combinations of factor levels occur. The importance and significance of the factors were also determined by ANOVA.
RESULTS AND DISCUSSION
Design of experiments is a powerful analysis tool for modelling and analysing the influence of controllable factors on The signal-to-noise (S/N) ratio for maximum PF and rejection can be expressed as ''the higher is the better'' characteristic, which is calculated as logarithmic transformation of loss function as shown in Appendix A. Taguchi method employs graphs of the marginal mean PF and the S/N (according to Appendix A) of each factor, as shown in Figure 2 . The usual approach is to examine the graphs and pick the winner. According to these figures, increasing CFV, TMP, pH and T increases the S/N and the mean PF, while increasing SC increases PF until 25 g/L but after that decreases it. In terms of maximising the mean PF, high CFV (1.5 m/s), high TMP (4.5 bar), high T (50 o C), and medium SC (25 g/L) were chosen for the UF membrane process treatment. For maximising the S/N, the same results were obtained. Higher S/N ratio means greater robustness and smaller variability.
In order to find out the statistical significance of controllable factors on PF, ANOVA was performed on the experimental data. After conducting experiments based on Taguchi method, ANOVA needs to be employed for estimating error variance and determining the relative importance of various factors. ANOVA demonstrates whether the observed variation in the response is due to alteration of level adjustments or experimental standard errors. ANOVA procedure results in calculation of sum of squares (SS), degree of freedom, mean square (variance) and associated F-ratio of significance. The details of the equations have been described elsewhere (Montgomery 2005) . Table 3 presents degrees of freedom, sum of squares, mean square (variance), factor variance to F-ratio and contribution percentage (P-ratio) of each factor on response. P-ratio is presented in Table 3 . ANOVA reveals that calculated F-ratios exceed the tabulated values. For a (various risks) ¼ 0.05 and 0.01, tabulated F-ratios are 4.26 and 8.02, respectively (Montgomery 2005) . It means that variance of all   20   70   120   170   T1  T2  T3  T4  TMP1  TMP2  TMP3  TMP4  CFV1  CFV2  CFV3  CFV4  pH1  pH2  pH3 factors is significant compared with variance of error and all of them have significant effect on PF. It can be found that CFV is the most effective factor on the PF. After CFV, the highest P-ratio is for TMP and T, respectively, and the lowest P-ratio is for SC. In terms of maximising the mean PF and the S/N, these levels for operating conditions are: T, 50 o C; TMP, 4.5 bar; CFV, 1.5 m/s; pH, 10 and SC, 25 g/L. At these conditions, experimental PF is 175.4 L/m 2 h. Using Taguchi method, results for all combinations of levels can be predicted without running any experiments. These predictions should be confirmed by some confirmation experiments. PF was predicted at a, b, c, d and e levels of T, TMP, CFV, pH and SC, respectively, by the following equation:
where PF(T) a , PF(TMP) b , PF(CFV) c , PF(pH) d and PF(SC) e are the average values of PF observations (responses) at a, b, c, d and e levels of theses variables, respectively. These average values are presented in Figure 2 . t is the average value of all PF observations (t ¼ 110.6 L/m 2 h in this work). Representing all variables (T, TMP, CFV, pH and SC) with A, the following equation was used to calculate the average values of UF membrane process variables:
where A i and n Ai are the sum and the number of all observations at level i of factor A (n Ai ¼ 8 in this work). t was calculated as follows:
where t and N are the sum and the number of all observations (N ¼ 32 in this work).
In the present work, eight runs were selected to evaluate the predictions of Taguchi method. Predicted, measured PF and error percent are presented in Table 4 . Table 4 compares the experimentally measured PF for the UF membrane process and the PF predicted by Taguchi method. The experimental error committed in the measures was inferior to 10%. Comparing the results of these experiments with those of the statistical model shows a very good consistency. This states that there is a good agreement between the predicted values and the experimental values, and confirms that the experimental design is very effective.
Since this field has been studied for many years, there are numerous reports having different points of view and conclusions which show the diversity of the problem. For example, for effect of SC on membrane performance in oil-in-water and oily wastewater treatment there are at least two opinions. Zhao et al. (2005) concluded that adding SC can improve PF, while Kuca & Szaniawska (2009) and Hua et al. (2007) showed that adding SC cannot improve PF. Similar cases were also observed for T, TMP and pH (Madaeni & Yeganeh 2001; Hesampour et al. 2008) . These examples give some idea about the diversity of the research and the conclusions. Therefore, if it is necessary to do a study it needs to be done in such a way that it covers at least a wider range of operating conditions. This was the purpose in this research, to choose a wider range of levels to be able to interpolate or extrapolate the obtained results. Four levels (low, low medium, high medium and high) for each factor were chosen. The medium levels (low medium and high medium) were added to recognise any possible non-linearity in the response, i.e. to see any curvature, minimum or maximum between two upper and lower limits of factors. This number (four levels) is quite often chosen for experimental design studies. The different levels were chosen based on two criteria: first, a level as close as possible to industrial operating and a second one to cover and complete the previous study in oil-in-water and oily wastewater filtration.
In Figure 3 (a-e), PF is plotted as a function of different operating factors. According to this figure, the same results as above were obtained. Figure 3a illustrates the performance of UF membrane process at different CFVs. As can be observed, increasing CFV increases PF through the membrane. Enhanced turbulence both reduces boundary layers and improves UF membrane process performance (Hesampour et al. 2008) . The main reason is reduction of concentration polarisation effect. Turbulence and shear stress on the membrane surface are enhanced by increasing CFV (Madaeni & Yeganeh 2001) . Therefore, the accumulated compounds on the membrane surface return into the bulk of fluid and concentration polarisation effect diminishes. In other words, increasing PF with CFV (Reynolds number) is due to the reduction of concentration boundary layer and cake/gel layer thicknesses (Mohammadi & Esmaeelifar 2005) . The results show that, as CFV increases to about 1.0, PF increases very considerably but at higher CFV this positive effect is not significant. This result is in agreement with the results obtained by Madaeni & Yeganeh (2001) .
As shown in Figure 3b , increasing operating T increases PF. It is because viscosity decreases and diffusivity increases at elevated T (Abbasi et al. 2010) . Therefore, because of bilateral effect of T, an optimum T must be specified. The results show that the optimum T of 40 o C can be recommended to achieve high PF at low operating costs. This result is in agreement with the results obtained by Rezvanpour et al. 2009 . According to Darcy's law, increasing TMP increases PF; however, fouling restricts this fundamental law. Increasing TMP makes the oil droplets more compact on the membrane surface and blocks the membrane pores (Ghidossi et al. 2009; Abbasi et al. 2010) . Thus, at an optimum TMP, PF is high, while tendency to cake/gel layer formation is low. Effects of TMP on PF are presented in Figure 3c . It can be observed that, with increasing TMP up to 3 bar, PF increases linearly; however, at higher TMP it is nearly constant. This may be due to compression of the cake/gel layer formed on the membrane surface at higher TMP. Figure 3d shows the effect of pH on PF. As shown, increasing pH increases PF considerably. This is because of better dissociation of oil droplets in alkaline solutions. As a result, PF increases. As observed, with basic solutions, PF increases. This means that the feed chemistry is changed at higher (to significant extent) pH values, and this causes reduced fouling resistance on the membrane surface and enhanced PF of the membrane. The effect of pH and TMP on PF is similar to that reported in previous works (Wang et al. 2000; Chakrabarty et al. 2008; Rezvanpour et al. 2009 ). It was verified that pH and TMP are directly proportional to PF. Figure 3e shows the effect of SC on PF. As shown, by addition of the salt up to 25 g/L, PF increases but increasing SC from 25 to 200 g/L causes PF to decrease. There are still many debates on the effect of SC on PF (Hua et al. 2007) . It can be said that at lower SC (25 g/L) high ionic concentration tends to diminish thickness of the double layer around the emulsion droplets, thereby reducing the electrostatic barrier to coalescence, causing high PF (Kuca & Szaniawska 2009 ), while at higher SC (25-200 g/L) the viscosity of emulsion increases and the salt crystals foul the membrane pores because of concentration polarisation of the salt on the membrane surface. The concentration boundary layer, fouling of the membrane pores and the cake/gel layer further reduces the driving force for the UF membrane process. Thus, PF decreases. The effect of SC on PF is different from that reported in previous works. Zhao et al. (2005) concluded that adding SC can improve PF, while Kuca & Szaniawska (2009) showed that adding SC cannot improve PF.
Considering that higher CFV, TMP, pH and T leads to more energy and cost consumption, the choice of very high CFV and TMP is not economically feasible. In summary, a CFV of 1.0 m/s, a TMP of 3 bar, a pH of 8, a T of 40 o C and a SC of 25 g/L were selected as the optimum operating conditions. At these conditions, experimental PF is 159.9 L/m 2 h. In these operation conditions, the permeates with oil and grease content within a range of 0.2 ppm (99% removal efficiency), turbidity of 0.4 ppm (98%), TOC of 15 ppm (85%), and TDS of 1,420 ppm (30%) were produced and analysed. Samples for measurements of the feed and the permeate oil and grease content, turbidity, TOC and TDS were taken as necessary and analysed by the procedure outlined in Standard Methods (2001) . TOC and turbidity were estimated using TOC Analyzer (Model DC-190) and Turbidimeter (Model 2100 A-HACH), respectively. Figure 3f shows the effects of OC on PF. Solutions with OC of 0 (distillated water), 25, 100 (oily wastewater after API separator), 150, 200, 300, 485 (oily wastewater before API separator), 700 and 1,000 ppm were prepared. The results show that PF is nearly constant with increasing OC after an initial significant decline. By increasing the concentration from 0 to 200 ppm, PF decreases because a layer of oil is formed on the membrane surface. At lower concentration, the oil layer formed on the membrane surface can be removed by hydrodynamic action of CFV. But at higher concentration the hydrodynamic action cannot remove the oil layer. By increasing the operation time, this layer becomes thicker and PF decreases (Mueller et al. 1997; Mohammadi & Esmaeelifar 2005) .
As observed, TOC rejection increases from 79.1 to 95.4% with increasing the OC steadily from 25 to 1,000 ppm. This may also be due to the sedimentation of the oil droplets on the membrane surface, so a thicker cake/gel layer is formed as the fouled layer, and, as a result, this prevents passing of the oil droplets through the membrane pores (Madaeni & Yeganeh 2001 ).
CONCLUSION
In this paper, treatment of industrial oily wastewaters with polymeric UF membrane was investigated. Effects of the following operating factors on PF were also studied: TMP, T, CFV, pH, SC and OC. For all the experiments, a commercial PAN membrane with a molecular cut off (MWCO) of 20 kDa was employed. Taguchi data analysis method was utilised to study five factors at four levels. UF membrane process performance was observed to increase with increasing T, CFV, TMP, OC and pH, while, at low SC, PF of the UF membrane increases with increasing SC, but, at high SC, it decreases with increasing SC. Rejection is high in UF membrane processes (98% and 85% removal for oil and grease content and TOC, respectively). According to the obtained results, optimum operating conditions for maximising PF and the S/N are: CFV, 1.0; T, 401C; TMP, 3 bar; pH, 8 and SC, 25 g/L. ANOVA analysis was applied to evaluate the relative importance of the effects of various factors. All factors had significant effects on PF, but the effect of CFV on the mean PF was more significant than the other factors. Confirmation experiments were also carried out. This confirms that there is a good agreement between the predicted and the experimental values. Overall, it can be said that the UF polymeric membrane with MWCO of 20 kDa has the best performance for the real oily wastewater (API separator effluent), due to its high PF and rejection.
